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The 2.2 A˚ Crystal Structure
of a Pocilloporin Pigment Reveals
a Nonplanar Chromophore Conformation
dent microalgae from high-amplitude light fluctuations
that can lead to severe photoinhibition [3, 4]. The mecha-
nism by which this is achieved is unclear but may lie in
the maturation processes that enable the pigment to
absorb visible light.
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These proteins are useful, widespread biotechnological
tools, and, to further their biotechnological applications,Summary
variants of these proteins have been generated with
altered spectral and oligomeric properties [10]. GFPReef-building corals contain host pigments, termed
pocilloporins, that function to regulate the light envi- variants have been reported that, together, cover almost
the entire visible range of emission wavelengths (420ronment of their resident microalgae by acting as a
photoprotectant in excessive sunlight. We have deter- nm–630 nm) (for a review see [10–12]) while other vari-
ants have been optimized or are suitable as biosensorsmined the crystal structure of an intensely blue, non-
fluorescent pocilloporin to 2.2 A˚ resolution and a for pH [13], redox potential [14], or Ca2 [15]. While amino
acid substitutions can dramatically alter the chemicalgenetically engineered fluorescent variant to 2.4 A˚ res-
olution. The pocilloporin chromophore structure adopts nature of the chromophore environment, none have
been reported to impact significantly on the structurea markedly different conformation in comparison with
the DsRed chromophore, despite the chromophore of the chromophore, per se. Structures are available
for a number of GFP variants, including some in whichsequences (Gln-Tyr-Gly) being identical; the tyrosine
ring of the pocilloporin chromophore is noncoplanar different primary amino acid sequences contribute to
the tripeptide chromophore [e.g., 16]. In all publishedand in the trans configuration. Furthermore, the fluo-
rescent variant adopted a noncoplanar chromophore structures the chromophore is without exception copla-
nar in relation to the imidazolinone heterocycle and inconformation. The data presented here demonstrates
that the conformation of the chromophore is highly the cis configuration.
To address the biology and potential biotechnologicaldependent on its immediate environment.
use of the pocilloporins and other closely related chro-
moproteins [12, 17], we have investigated the structuralIntroduction
and spectral properties of the pocilloporin Rtms5 from
the reef building coral Montipora efflorescens. Rtms5The vivid and diverse colors of reef-building corals are
a result of host-based pigmentation. These pigments was selected for analysis because it has the most far-
red-shifted absorption spectra yet is nonfluorescentare generally found in the branch tips or surfaces of
coral colonies, where light levels are the highest. The (quantum yield0.0001). It has been reported that other
chromoproteins with sequence homology to Rtms5 canpink and blue pigments of two families of scleractinian
corals have previously been partially characterized and be converted to a fluorescent protein with single-amino
acid substitutions [12, 17]; however, the structural basisdescribed as pocilloporins [1]. A study of pocilloporins
from ten coral species revealed that they exhibit a broad for such transitions is not understood. We have therefore
determined the crystal structure of the wild-type Rtms5range of fluorescent behaviors [1, 2] and possess multi-
ple photoprotective functions. Recent studies demon- and a fluorescent variant, Rtms5His146Ser, to 2.2 A˚ and
2.4 A˚ resolution, respectively. The wild-type tetramericstrate that they protect the photosystems of their resi-
*Correspondence: mark.prescott@med.monash.edu.au (M.P.), jamie. Key words: pocilloporin; pigment; chromophore; fluorescence; green
fluorescent protein; DsRedrossjohn@med.monash.edu.au (J.R.)
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Figure 1. Rtms5 Structure
(A) Schematic, ribbon representation of the Rtms5  can protomer structure, with the central chromophore shown in CPK format.
(B) The quaternary, tetrameric structure of Rtms5, with each protomer represented in a different shade of blue. Amino acid sequence differences
between Rtms5 and DsRed that are in the vicinity of the chromophore (yellow) or residues at the A-B (cyan) or A-C interface (magenta) have
been mapped onto the structure in cpk format.
(C) The final 2Fo Fc electron density superposed onto the Rtms5 chromophore structure (green). The superposed DsRed chromophore (pink)
highlights the marked difference in the conformation of the phenoxy moiety.
form of Rtms5 has a similar quaternary structure to that for the design of far-red fluorescent proteins with new
and improved properties for biotechnology applications.observed for the tetrameric DsRed, but sequence differ-
ences at the protomer interfaces have profound implica-
tions for potential biotechnology use. The conformation
Results and Discussionof the Rtms5 chromophore was shown not only to be
noncoplanar, but also to adopt a markedly different con-
Overview of the Structureformation to that previously observed for DsRed. These
The intensely blue crystals of Rtms5 belong to spaceresults highlight that chromophore conformation is not
group I4122, with one protomer per asymmetric unit. Thepredetermined solely by the characteristic three-amino
structure of Rtms5 was subsequently solved to 2.2 A˚acid sequence motif. The chromophore of the fluores-
resolution, to an R factor and Rfree of 21.5% and 23.6%,cent-converted variant was also shown to adopt a non-
respectively. The model, which exhibits excellent ste-coplanar conformation, suggesting that fluorescence
conversion does not require a coplanar chromophore. reochemistry, comprises the protomer (residues 5–225),
the chromophore, 5 iodide ions, and 220 water mole-Collectively, the work significantly extends our knowl-
edge of chromoproteins, as well as provides a platform cules (Figures 1A and 1C; Table 1). The biologically ac-
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Table 1. Data Collection Statistics
Wild-Type His146Ser Mutant
Temperature 100 K 100 K
X-ray source RU-3HBR RU-3HBR
Detector R-AXIS IV R-AXIS IV
Space group I4122 I4122
Cell dimensions (a, b, c) (A˚) 131.70, 131.70, 150.51 131.39, 131.39, 150.67
Resolution (A˚) 2.2 2.4
Total number of observations 109,869 176,177
Number of unique observations 32,494 25,988
Multiplicity 3.4 6.8
Data completeness (%) 96.1 (98.5) 99.7 (99.7)
Number of data 2I 79.8 85.0
I/I 6.4 (2.3) 7.2 (1.9)
Rmergea (%) 7.9 (24.7) 7.1 (33.5)
Refinement Statistics
Wild-Type His146Ser Mutant
Nonhydrogen atoms
Protein 1722 1718
Chromophore 24 24
Water 220 183
Iodide 5 5
Resolution (A˚) 50–2.2 50–2.4
R factorb (%) 22.4 22.5
Rfreeb (%) 24.4 24.9
Rms deviations from ideality
Bond lengths (A˚) 0.006 0.006
Bond angles () 1.374 1.335
Impropers () 0.83 0.83
Dihedrals () 26.47 26.60
Ramachandran plot
Most-favored and allowed regions (%) 100 100
B factors (A˚2)
Average main chain 32.03 43.3
Average side chain 33.32 43.6
Average water molecule 43.17 54.1
Chromophore 29.47 44.4
Rms deviation bonded Bs 1.74 1.65
The values in parentheses are for the highest-resolution bin (approximate interval, 0.1 A˚).
a Rmerge 	 
|Ihkl  Ihkl|/
Ihkl.
b Rfactor 	 
hkl||Fo|  |Fc||/
hkl |Fo| for all data except for 3%, which was used for the Rfree calculation.
tive 222 tetramer is generated via the crystallographic face being more extensive than the A-C interface (Figure
1B). The quaternary structure of Rtms5 is very similarsymmetry (Figure 1B).
The protomer has a very similar fold to that described to that observed for DsRed, with a small rigid-body shift
between the respective protomers that reflects a num-for GFP and for DsRed, namely, an 11-stranded  barrel
( can), with the interconnecting loops and a small helix ber of sequence differences between Rtms5 and DsRed
that reside at the interface. Moreover, these differences(residues 81–85) sealing the chromophore from the bulk
solvent. A central helix runs coaxial with the axes of significantly alter the character of the AB interface,
which impacts on the ease of generating a monomericthe  barrel and represents the secondary-structural
element that covalently connects the chromophore to version of the protein—a key goal for any biotechnologi-
cal applications for Rtms5.the protein. Rtms5 shares 22% (206 equivalent Catoms
having an rmsd of 1.35 A˚) and 63% (217 equivalent C In DsRed, the A-C interface is typical of protein subunit
interactions, in that there is a central hydrophobic coreatoms having an rmsd of 0.62 A˚) sequence identity with
GFP and DsRed, respectively. Unless explicitly stated, surrounded by a number of polar interactions at the
periphery. To a large extent the nature of this A-C inter-structural comparisons will be restricted to the closer
homolog, DsRed, where there are a number of signifi- face is conserved in the Rtms5 structure, although eight
sequence differences at this interface (residue positionscant sequence and structural differences throughout the
protein that have a significant impact on the chromo- 26, 96, 108, 125, 127, 156, 180, and 182) were identified
(Figure 1B). Of note is the loss of a Glu26-Lys123 saltphore chemistry and the mode of subunit association
(Figures 1B and 2). bridge in Rtms5 (the Glu is replaced by a Tyr) (Figure 2).
The DsRed A-B interface is distinctive, in that it in-
volves a large number of salt bridges and hydrogenSubunit Assembly and Site-Directed Mutagenesis
Achieving Disassembly bonds and a number of water-mediated hydrogen
bonds, with the C-terminal tail of the protein playing aEach Rtms5 protomer makes extensive contacts with
two other protomers in the tetramer, with the A-B inter- key role in stabilizing this interface. At the heart of the
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Figure 2. Sequence Comparison for Rtms5, DsRed, and GFP
Secondary structure elements are depicted above the alignment. The chromophore region is shaded in red. Residues summarized in Table
2 and contacting the chromophore in Rtms5 are indicated by a number sign (#). The position of the single-amino acid change (His to Ser) is
shaded in yellow. Identical and conserved residues are shaded in blue and light green, respectively.
interface is the symmetric His162/His162 pairing and In Rtms5, however, both the A-B interface and other
regions of the interface (including the C-terminal tail) arethe cluster of charged residues around this position,
notably different (Figures 1B and 3B). The correspondingincluding Glu176, Glu160, and Arg149 (Figures 3A and 2).
residue to His162 of DsRed in Rtms5 is Phe, and, while
this is a conservative substitution, in combination with
other sequence differences, it has the overall effect of
converting a polar interface to a more apolar interface
(Figure 3B). For example, even though Glu176 is an iden-
tical residue in both proteins (Figure 2), in Rtms5, the
carboxylate group rotates away from the A-B interface,
forming van der Waals intersubunit interactions with
Phe162. The water channel observed in DsRed was not
present in Rtms5; however, the H bond between Arg149
and the main chain of Phe162 was maintained (cf. Fig-
ures 3A and 3B). In addition, a change at position 160
from Glu to Asn in Rtms5 results in this residue forming
only intersubunit van der Waals contacts with Phe162.
Moreover, the Rtms5 C-terminal tail sequence (Pro222,
Val223, Val224, Ala225) is different than that in DsRed
(His222, Pro223, Phe224, Ile225), and these changes
additionally have the effect of increasing the apolar na-
ture of the A-B interface (Figures 1B and 2).
The consequence of these differences at the A-B inter-
face is highlighted by the changes needed to achieve the
goal of producing monomeric versions of the respective
proteins without affecting their chromophore properties.
This issue was recently addressed for DsRed, where
directed evolution was used to produce a monomeric
fluorescent variant of DsRed, mRFP1, that contains 33
substitutions [18]. The extent of the changes required
Figure 3. Ball and Stick Representation of the Heart of the A-B
highlights the potential enormity of the task when ap-Interface in DsRed and Rtms5
proached in this manner. In addition, HcRED, a far-redDsRed (A); Rtms5 (B). The substitution of His162 for Phe162 results
fluorescent variant of a chromoprotein isolated from ain the conversion of a polar interface (DsRed) to a more apolar
Heteractis crispa, has been converted from a tetramerinterface (Rtms5). Each subunit interface is in a different color. The
chromophore is displayed in ball and stick format. to a dimer (mutant designated HcRed-2) with a single
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interface mutation, Leu126His [12]. By contrast, only
a single substitution, at position 162 (Phe to His) was
required to convert Rtms5 from a tetrameric to a pre-
dominantly monomeric form (Dove et al., submitted). It
is clear that that making alterations to the residues at
the interfaces formed by DsRed and Rtms5 monomers
by site-directed mutagenesis can have markedly differ-
ent effects, which may have implications for generating
a novel generation of biotechnology tools.
Conformation and Environment
of the Chromophore
The electron density for the chromophore and the sur-
rounding residues was very clear in the initial, as well
as the final, 2.2 A˚ electron density map of Rtms5 (Figure
1C). The presence of the 5-[(4-hydroxyphenyl)methyl-
ene]-imidazolinione chromophore system indicates that
a cyclization mechanism, similar for GFP and DsRed,
operates in Rtms5, whereas the alternative cyclization
involving a six-membered heterocycle that has been
reported for a chromoprotein, asFP595 (isolated from
Anemonia sulcata) [19], can clearly be discounted for
the Rtms5 chromophore conformation.
Surprisingly, unlike the structure of the chromophores
found in GFP, variants of GFP, and DsRed, the 4-hydro-
xyphenyl moiety of the Rtms5 chromophore was not
only observed to be noncoplanar to the imidazolinone
heterocycle, but was also observed to adopt a markedly
different conformation (Figures 1C, 4A, and 4B). The
deviation of the tyrosine moiety from planarity is signifi-
cant. The ring of this moiety is unequivocally rotated
43 with respect to the plane of the imidazolone ring.
(Figures 1C, 4A, and 4C).
Therefore, during model building of the chromophore,
improper restraints across the N2-C2-C2-C2 group
of atoms were removed, thereby allowing the phenoxy
group to rotate. Imposition of the above improper re-
straints led to a chromophore structure that did not fit
the electron density well.
In addition to the conformation of the tyrosine moiety,
care was given to the covalent links the chromophore
makes to the peptide chain. Different geometric restraint Figure 4. Ball and Stick Representation of the Chromophore and
the Surrounding Residues in the Rtms5 Structure, the DsRed Struc-schemes were tested to determine the optimal idealized
ture, and the Rtms5His146Ser Structure, All in the Same Orientationgeometry to apply to the links between the chromophore
Rtms5 structure (A); DsRed structure (B); Rtms5His146Ser structureand the cysteine and serine residues that flank the chro-
(C). Conserved residues forming conserved interactions betweenmophore.
DsRed and Rtms5, yellow; nonconserved residues, gray. The non-First, the linkage between the chromophore and Ser69
planar conformation of the Rtms5 chromophore (light blue) is evident
appears to represent a true trans-peptide bond. This as is the coplanar conformation of the DsRed chromophore (pink).
linkage is analogous to that for the DsRed structure. The site of the single mutation in Rtms5His146Ser is highlighted in
green. Polar interactions are shown as dashed lines. Water mole-However, in relation to the Cys65-chromophore link,
cules are represented as red spheres.it became readily apparent that the carbonyl group of
Cys65 was being forced out of electron density when
standard peptide geometry was imposed during refine-
ment. Therefore, the improper restraint maintaining the There was a small, but discernible, rotation of the
planar Gln66 N-C-C1 group of atoms of 16.9 with re-planarity of the O	N1-C1-C1 group of atoms was re-
moved. Furthermore, it appears that the angle C(Cys65)- spect to the imidazolone ring. Therefore, improper re-
straints keeping this group of atoms coplanar with theN1-C1 varies from the normal angle observed in pep-
tide bonds. A similar situation was observed by Wall et imidazolone ring were removed.
The Rtms5 chromophore is tightly packed by theal. [7] in DsRed (Protein Data Bank code 1GGX). It has
been restrained to be 163.1, the equivalent bond angle surrounding residues, completely shielded from bulk
solvent, and includes approximately 60 van der Waalsobserved in DsRed. This resulted in an excellent fit of this
portion of the chromophore into the electron density. interactions, seven hydrogen bonds, and three water-
Structure
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Table 2. Chromophore Contacts
Chromophore (CRQ) Protein Type of Interaction
Glutamine Moiety
C1 Ser69 van der Waals
C1 Glu215 van der Waals
C1 Gln42, Tyr14 van der Waals
C3 Glu215, Val44 van der Waals
Oε1 Tyr14O H bond
Val44 van der Waals
Nε1 Gln213Nε2 H bond
Glu215, Val44 van der Waals
Imidazolone Ring
C1 Pro63 van der Waals
N2 Pro63 van der Waals
Ser69NO, Glu215OE2 water-mediated H bond (W15)
Glu 215OE1 H bond
C2 Pro63 van der Waals
C2 Ile 70, Pro 63 van der Waals
N3 Pro63 H bond
O2 Arg95N2, Pro63 H bond
Phenoxy Moiety
C2 Arg197 van der Waals
C2 Arg197 van der Waals
C1 His 146 van der Waals
Cε1 Phe177, His146, Asn161, Met163 van der Waals
C2 Arg197, Arg95 van der Waals
Cε2 Glu148, Tyr181, Arg197, Arg95 van der Waals
C Phe177 van der Waals
O Asn161ND2 H bond
Glu148OE2, Thr179OG1 water-mediated H bond (W5)
Glycyl Moiety
C3 Pro63, Gln64, Trp93 van der Waals
C Trp93 van der Waals
O Trp93 van der Waals
mediated hydrogen bonds (Table 2). The overall temper- The Rtms5 chromophore is surrounded by a number
of buried, charged residues. Arg95 forms a salt bridgeature factor for the chromophore is 29 A˚2 , consistent
with the temperature factors of the surrounding side with Glu148; Arg197 forms two salt bridges with the
flanking Glu148 and Glu215. Despite the tight packing ofchains, suggesting that there is limited mobility of the
chromophore. the chromophore, there is a small cavity in its immediate
vicinity that is occupied by two buried water moleculesThe Rtms5 tyrosine ring is flanked on either side by
arginine residues, Arg95 and Arg197, with the guanadi- (W15 and W29) and that also connects to another cavity,
occupied by one water molecule (W74).nium groups forming van der Waals interactions with
the plane of the tyrosine ring (Figure 4A; Table 2). The A number of the sequence differences and similarities
between Rtms5 and DsRed reside in the vicinity of thetyrosine ring is further constrained by interactions with
the aromatic rings of Phe177, Tyr181, and His146 as chromophore (Figures 1B, 2, 4A, and 4B). Those that
are conserved (Pro63, Arg95, Phe177, Val44, Glu215,well as the aliphatic moieties of Glu148, Asn161, and
Met163 (Figure 4A; Table 2). The phenoxy group forms Gln213, and Glu148), together with a conserved buried
water molecule, presumably play similar functional rolesa hydrogen bond with Asn161 and hydrogen bonds to
a well-ordered water molecule, which hydrogen bonds in chromophore chemistry (Figures 4A and 4B). When
Rtms5 is compared with GFP, the only conserved resi-to Thr179OG1 and the carboxylate of Glu148 (Figure 4A;
Table 2). dues are Arg95 and Glu215 (Figure 2).
In a comparison of the Rtms5 chromophore structureThe imidazolone group is stacked between the turns
of the central helix, making van der Waals interactions to that of DsRed, the glutamine and glycyl moities are
well conserved (Figures 1C, 4A, and 4B). However, notwith Pro63 and Ile73. Pro63 and Arg95 hydrogen bond
to the imidazolone group of the ring, and there is also only is the tyrosine ring noncoplanar in Rtms5, but the
rotamer has flipped by approximately 90, such that thea water-mediated hydrogen bond with the side chain of
Glu215 as well as the backbone atoms of Ser69 (Figure respective phenoxy groups are 6.5 A˚ apart (Figures 1C,
4A, and 4B). Consequently, the aromatic ring of Rtms54A; Table 2). The glycyl moiety forms van der Waals
interactions with Pro63, Gln64, and Trp93. The gluta- is located in a unique environment. In DsRed, the tyro-
sine ring sits in a pocket, stacking against two lysinemine side chain sits within a hydrophobic pocket, sur-
rounded by Val44, Gln42, Tyr14, and Glu215. residues (Lys70 and Lys163), forming van der Waals
Coral Pigment
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interactions with Leu199, Ser197, and Ile161 (Figure 4B). No large-scale structural changes between Rtms5
and the mutant were observed either globally or in theThe phenoxy anion hydrogen bonds to Ser146 and is
close to the carboxylate group of Glu215. Tyr181 and vicinity of the chromophore (Figures 4A and 4C). Ser146
was observed to form a hydrogen bond with Asn161,Phe177 are conserved residues but, because of the dif-
fering position of the tyrosine ring, play a prominent role which directly hydrogen bonds to the phenoxy moiety
of the chromophore. The Rtms5His146Ser mutant createsin the Rtms5 chromophore, compared with a limited (if
any) role in the DsRed structure. The location of Glu148 a cavity proximal to the chromophore that is filled by a
water molecule that directly hydrogen bonds to Ser146is very similar, but its interactions are notably different
(Figures 4A and 4B). In Rtms5, position 70 is occupied (Figure 4C). Interestingly, the structure of a GFP variant
(His148Gln) (equivalent position to 146 in Rtms5) dis-by a nonconservatively substituted isoleucine, which, in
part, allows the tyrosine ring of the chromophore to plays an analogous cavity occupied by an iodide ion
(Protein Data Bank code 1FO9). Despite the presenceadopt a different orientation. Despite this loss of a posi-
tively charged side chain in Rtms5, a compensatory of the cavity in the Rtms5 mutant, the tyrosine ring of
the chromophore changes neither its nonplanarity normechanism is in place, whereby the guanadinium group
of Arg197 (Ser197 in DsRed) occupies a very similar its location within the pocket significantly. Presumably,
the remaining interactions are sufficient to lock the tyro-position to that of the Lys70NZ group (Figures 4A and
4B). The orientation of the Glu215 carboxylate is subtly sine ring in the observed conformation. Therefore, one
can conclude two factors on the basis of the mutantdifferent between the two structures, presumably to im-
prove its bonding geometry with the bulkier guanadi- structure: (1) that subtle factors in chromophore chemis-
try result in the increased quantum yield observed fornium group as well as to maintain its interactions with
the chromophore (Figures 4A and 4B). At position 161, this mutant and (2) that the increased quantum yield is
not a result of the chromophore adopting a coplanara nonpolar, nonchromophore-interacting residue in
DsRed (Ile161) is substituted by a polar residue (Asn) in conformation.
However, one cannot rule out the possibility that, inRtms5 that interacts with the chromophore (Figures 4A
and 4B). There is a charge loss at position 163 in Rtms5 the fluorescent variant, sufficient chromophore mobility
has been introduced to allow a minor population to(Lys replaced by Met), although the shapes of the long
side chains for these residues are very similar. Finally, adopt a coplanar conformation, and it is this species
that results in an increased quantum yield.there is a conservative substitution at position 179 (Thr
in Rtms5 and Ser in DsRed). The hydroxyl group of
these side chains superpose closely, participating in
Concluding Remarks and a Biophysical Analysisconserved interactions (Figures 4A and 4B).
of Chromophore Chemistry
The observed structure of the chromophore, coupledCrystal Structure of an Rtms5 Fluorescent Variant
with biophysical data, permits some logical deductionsThe fluorescent properties of DsRed and GFP have both
to be made about the chromophore structure.been modulated by site-directed mutagenesis. In addition,
That the phenol ring is out of plane with the imidizalonethe quantum yield of some chromoproteins can be in-
ring suggests that there is rotation about either thecreased several hundred-fold with particular amino acid
C-C or the C-C bond, implying that one of thesesubstitutions. Position 146, a critical residue in modulat-
bonds possesses a greater “single-bond” character.ing chromophore behavior, is occupied by a histidine
However, that the C atom is coplanar with the imidiza-and serine in Rtms5 and DsRed, respectively. Similarly,
lone ring suggests that rotation occurs about the C-Ca nonfluorescent chromoprotein, designated as595, iso-
bond. This structural observation is consistent with thelated from the sea anemone Anenomia sulcata was shown
phenoxy anion being the predominant resonant species.to fluoresce more strongly following a single substitu-
Red fluorescence emission from DsRed has been at-tion, Ala148Ser (corresponding to position 146 in Rtms5)
tributed to an extended conjugated  electron system[17]. Gurskaya et al. [12] have shown that a similar sub-
[7, 8, 21] created by formation of a double bond betweenstitution enhanced fluorescence of a number of related
C and N of Gln66. The structure of Rtms5 at this regionchromoproteins, gtCP, cgCP, and hcCP, isolated from
of the chromophore is entirely consistent with an acyl-the Anthozoa species Goniopora tenuidens, Condylactis
imine at position 66. Unlike DsRed, however, a smallgigantean, and H. crispa, respectively. Conversely, it
amount of rotation was observed about the C1-C1has been shown that the intensely fluorescent DsRed
bond. As described previously, there is a rotation aboutcan, with a number of amino acid substitutions (Ser148-
this bond of 16.9of the planar N-C1-C1 group of atomsCys, Ile165Asn, Lys167Met, and Ser203Ala), be converted
with respect to the imidazolone ring. This would indicateto a protein with very low quantum yield (0.001) while
that the C1-C1 bond has primarily a single-bond char-maintaining a high extinction coefficient [20].
acter. Again, this is consistent with the arrangement ofThe properties of an Rtms5 variant, Rtms5His146Ser, have
double bonds of the phenoxyanion form of the structure.been reported (Dove et al., submitted). Rtms5His146Ser was
Acylimines are prone to nucleophilic attack. Thus, de-found to retain its vivid blue pigmentation yet to have
naturation of DsRed by boiling leads to the addition ofan increased (170-fold) fluorescence quantum yield
water across the C	N bond and the formation of an(0.02) and to exhibit minor effects on the excitation and
acylcarbinolamine that hydrolyzes, resulting in cleavageemission spectra (4 nm blue shift). In order to ascertain
of the polypeptide backbone [21] (Figure 5A, lane 4). Inthe structural basis of this increased fluorescence quan-
addition to a polypeptide of Mr 30,000 Da (predictedtum yield, we determined the structure of fluorescent
Rtms5His146Ser to 2.4 A˚ resolution (Table 1). size, 29,220 Da) corresponding to the expected size for
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Rtms5His146Ser, two polypeptides of Mr 18,000 Da and
Mr 12,000 Da were observed in significant amounts in
boiled samples of Rtms5 and Rtms5His146Ser (Figure 5A,
lanes 2 and 3). These smaller polypeptides correspond
closely in size to the sizes predicted (18,165 Da and
11,073 Da) if cleavage of an acylimine present at Gln66
were to occur. GFP does not contain an acylimine and
did not fragment (Figure 5A, lane 5).
A more accurate estimate of the molecular weights
of the fragments present and the site of cleavage was
obtained by MALDI-TOF MS. The mass spectrum of
Rtms5His146Ser (see Supplementary Material at http://
images.cellpress.com/supmat/supmatin.htm) obtained
in linear mode showed a mixture of four species. A spe-
cies observed at m/z 29,208 (or m/z 14,599 for the doubly
charged mass ion) corresponded closely in size to that
predicted for the uncleaved form of Rtms5His146Ser
(29,220 Da). Two species were observed, with m/z
11,088 and m/z 18,146, respectively, that corresponded
closely in size to that predicted for the N-terminal (11,073
Da) and C-terminal fragments (18,165 Da) resulting from
hydrolysis of an acylimine at Gln66. Digestion of
Rtms5His146Ser with trypsin under nondenaturing condi-
tions removed alone the first 38 amino acids encoded
by the expression vector to produce a smaller N-terminal
fragment for which a monoisotopic mass could be deter-
mined. A species observed in linear mode MALDI at
m/z 6799 was subsequently analyzed by reflector mode
MALDI, and the peptide ion was found to have a mono-
isotopic mass of 6784.3 Da, which matched exactly the
mass predicted (6784.3 Da) for the N-terminal fragment
of Rtms5His146Ser resulting from cleavage of an acyl-
imine at Gln66 after digestion with trypsin. Collectively
these results provide evidence for an acylimine at Gln66
in the Rtms5His146Ser variant (Figure 6).
Further evidence for an acylimine in Rtms5 and
Rtms5His146Ser comes from comparing spectral proper-
ties for denatured DsRed, Rtms5, and Rtms5His146Ser.
Compared with that of DsRed, the wavelength for maxi-
mum absorbance for Rtms5 and Rtms5His146Ser at pH
10.5 is red shifted by about 32 nm (Figure 5B). When
denatured in the presence of 6 M GuHCl at pH 10.5,
Rtms5, Rtms5His146Ser, and DsRed each absorb maxi-
mally at 459 nm (Figure 5C). Gross et al. interpret the
spectral shift for denatured DsRed as the hydration of
an acylimine to form a conjugation system identical to
the p-hydroxybenzylideneimidazolidine of GFP [21]. By
analogy spectral shifts for denatured Rtms5 and
Rtms5His146Ser suggest the presence of an acylimine.
The difference observed between the absorbance spec-
trum for denatured GFP and the spectrum for denatured
Rtms5, Rtms5His146Ser, or DsRed, although larger in thisFigure 5. Rtms5 and Rtms5His146Ser Contain an Acylimine
study (13 nm versus 5 nm), has been reported for dena-(A) SDS-PAGE analysis under reducing conditions. Lane 1, protein
tured DsRed [21].molecular weight markers (Fermantas). Molecular masses in kDa
It is possible that further significant increases in quan-are as follows: 116, 66.2, 45, 35, 25, 18.4, and 14.4. Lane 2, boiled
Rtms5; lane 3, boiled Rtms5His146Ser; lane 4, boiled DsRed; lane 5, tum yield may be achieved by constructing Rtms5 vari-
boiled GFP. The position of uncleaved polypeptide (closed arrow- ants in which the tyrosine moiety is allowed to assume
heads) and cleaved polypeptides (open arrowheads) are indicated coplanarity with the imidazole ring. These investigations
to the right. Samples were boiled in SDS-PAGE sample buffer. are currently underway.(B and C) Absorbance spectra for Rtms5 (solid line), Rtms5His146Ser
(dotted line), DsRed (dashed line), and GFP (dashed/dotted line)
Biological Implicationswere obtained at pH 10.5 under nondenaturing conditions (B) and
denatured in the presence of 6 M GuHCl (C).
In this work, we describe the atomic resolution structure
of a nonfluorescent chromoprotein and compare it with
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(Dove et al., submitted) were expressed in E. coli (BL21-DE3) with
the pRSET expression system (Invitrogen). Recombinant protein
was purified from cell lysates by chromatography on Ni-NTA resin
(Qiagen) and size exclusion chromatography (Superdex S200).
MALDI-TOF Mass Spectrometry
MALDI-TOF MS analysis was performed with an Applied Biosystems
Voyager-DE STR BioSpectrometry Workstation. The instrument was
operated in linear mode with Sinapinic acid matrix (Agilent Technol-
ogies) for low-resolution protein analysis and -cyano hydroxycin-
namic acid matrix (Agilent Technologies) for high-resolution protein/
peptide analysis. Matrix was spotted on the sample plate and al-
lowed to air dry; sample diluted in acetonitrile/water (1:1) containing
0.1% (v/v) formic acid was subsequently spotted on dried matrix
and allowed to air dry. Data from 100 laser shots (337 nm nitrogen
laser) were collected, signal averaged, and processed with the in-
strument manufacturer’s Data Explorer software. Rtms5His146Ser
was digested with trypsin (1000:1 mass ratio) under nondenaturing
conditions to remove the first 38 amino acids encoded by the ex-
pression vector and to produce an N-terminal fragment for which
a monoisotopic mass could be more readily determined. A species
observed in linear mode MALDI at m/z 6,799 was subsequently
analyzed by reflector mode MALDI, and the peptide ion was found
to have a monoisotopic mass of 6784.3 Da, which matched exactly
the mass predicted (6784.3 Da) for the N-terminal fragment of
Rtms5His146Ser.
Crystallization
Crystals were obtained as previously described [24]. Briefly, crystals
Figure 6. Schematic Diagram Showing the Structure Predicted to (0.4  0.3  0.3 mm) were grown within 3–5 days by the hanging
Be Present in Rtms5 and Rtms5His146Ser drop vapor diffusion technique at room temperature by mixing equal
In accordance with the crystal structure (Figures 4A and 4C), the volumes of 17 mg/ml Rtms5 protein with the reservoir buffer (10%–
p-hydroxybenzylideneimidazolinione is shown in the trans configu- 15% PEG 3350, 0.1 M Tris-HCl (pH 8.2), and 0.2 M potassium iodide).
ration. The crystals belong to space group I4122, as judged by the system-
atic absences, with unit cell dimensions a 	 131, b 	 131, and c 	
151 A˚. The Matthews coefficient suggested that there were twothe structure of a fluorescent variant, as well as the
“monomers” in the asymmetric unit; however, it was subsequentlyfluorescent homolog DsRed. Rtms5 has the same chro-
shown that there was one monomer in the asymmetric unit, with a
mophore sequence (Gln-Tyr-Gly) as DsRed yet, surpris- solvent content of over 70%. The crystals were flash-frozen prior
ingly, adopts a markedly different conformation to that to data collection with crystals that had been soaked in the cryopro-
observed in DsRed, in that the chromophore ring devi- tectant, 35% glycerol. A 2.2 A˚ data set for the wild-type crystal and
a 2.4 A˚ data set for the His146Ser mutant were collected by inverseates significantly from planarity and, in addition, the
phi geometry and processed and scaled with D*TREK [25]. Seelocation of the phenoxy ring is markedly different. These
Table 1 for a summary of statistics.results highlight that chromophore conformation is
highly dependent on the neighboring environment. The
Structure Determinationstructure of the fluorescent Rtms5 variant suggests that
The wild-type structure was solved by the molecular replacement
the observed increase in fluorescence quantum yield is method with the program AmoRe in the CCP4 suite. A modified
not dependent upon chromophore planarity. The poten- protomer of the tetrameric DsRed structure (Protein Data Bank code
tial biotechnological applications for fluorescent and 1GGX) was used as the search probe, with all sequence differences
mutated to alanine and the chromophore deleted. A clear peak incolored pocilloporins are considerable. The pocillopor-
the rotation function yielded a solution in the translation functionins and related chromoproteins are the only identified
that packed on the crystallographic 2-folds, thereby generating asource of GFP homologs that can be made to fluoresce
tetramer, the biological entity of Rtms5. Unbiased features in thein the far-red. There is considerable interest in develop-
initial electron density map, including that of the chromophore, con-
ing fluorescent probes with emissions in the near infra- firmed the correctness of the molecular replacement solution.
red as the penetration of light in living mammalian tissue The progress of refinement was monitored by the Rfree value (4%
is greatest in the near infrared (NIR) region of around of the data), and neither a sigma nor a low-resolution cut-off was
applied to the data. The structure was refined by rigid-body fitting650–900 nm [22, 23]. Such probes in combination with
followed by the simulated-annealing protocol implemented in CNSfluorescence molecular tomography [23] offer a range
(version 1.0) [26], interspersed with rounds of model building withof powerful new capabilities for studying biological func-
the program O [27]. Tightly restrained individual B factor refinementtion in vivo. The availability of the structure will help with
was employed, and bulk solvent corrections were applied to the
the design and engineering of both fluorescent proteins data set. Water molecules were included in the model if they were
with desirable properties, including increased quantum within hydrogen bonding distance to chemically reasonable groups,
yield and further red-shifted emission spectra, and chro- appeared in Fo  Fc maps contoured at 3.5 , and had a B factor
less than 60 A˚2 . Very strong peaks in the Fo  Fc difference fouriermoproteins with altered coloration.
indicated the location of the iodide sites. The electron density for
the chromophore was very clear and, at this stage, was built intoExperimental Procedures
the electron density map. Different geometric restraint schemes
were tested to determine the best idealized geometry to apply toProtein Expression and Purification
the links between the chromophore and the cysteine and serineRecombinant protein was expressed and purified as described pre-
viously [24]. Briefly, DNA cassettes encoding Rtms5 and Rtms5H146S residues flanking the chromophore. Initially, both links were re-
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strained to have peptide-like geometries; however, it became appar- cent protein from coral. Proc. Natl. Acad. Sci. USA 97, 11984–
11989.ent that the carbonyl group of Cys65 was being forced out of electron
10. Tsien, R.Y. (1998). The green fluorescent protein. Annu. Rev.density. Therefore, the improper restraint maintaining the planarity
Biochem. 67, 509–544.of the O	N1-C1-C1 group of atoms was removed. A similar situa-
11. Matz, M.V., Fradkov, A.F., Labas, Y.A., Savitsky, A.P., Zaraisky,tion was observed by Wall et al. [7] in DsRed (Protein Data Bank
A.G., Markelov, M.L., and Lukyanov, S.A. (1999). Fluorescentcode 1GGX). Furthermore, it appears that the angle C(Cys65)-N1-
proteins from nonbioluminescent Anthozoa species. Nat. Bio-Ca1 varies from the normal angle observed in peptide bonds. It has
technol. 17, 969–973.been restrained to be 163.1, the equivalent bond angle observed
12. Gurskaya, N.G., Fradkov, A.F., Terskikh, A., Matz, M.V., Labas,in DsRed. Unlike other chromophores Rtms5 is unique, in that the
Y.A., Martynov, V.I., Yanushevich, Y.G., Lukyanov, K.A., andoxybenzyl group is adjacent to the carbonyl group on the central
Lukyanov, S.A. (2001). GFP-like chromoproteins as a source ofimidazole ring. The phenyl ring of this group deviates significantly
far-red fluorescent proteins. FEBS Lett. 507, 16–20.from coplanarity with the imidazole ring, and, therefore, improper
13. Miesenbock, G., De Angelis, D.A., and Rothman, J.E. (1998).restraints across the N2-C2-C2-C2 group of atoms have been
Visualizing secretion and synaptic transmission with pH-sensi-removed, allowing the oxbenzyl group to rotate. Iodide ions, an
tive green fluorescent proteins. Nature 394, 192–195.essential crystallization ingredient, were readily located to the exte-
14. Ostergaard, H., Henriksen, A., Hansen, F.G., and Winther, J.R.rior face of the protein and, as such, were not in close proximity to
(2001). Shedding light on disulfide bond formation: engineeringthe chromophore (the closest being 8.2 A˚ away). The final model,
a redox switch in green fluorescent protein. EMBO J. 20, 5853–which comprises residues 5–225, 220 water molecules, and 5 iodide
5862.ions, has an R factor of 21.5% and an Rfree of 23.6% for all reflections 15. Miyawaki, A., Griesbeck, O., Heim, R., and Tsien, R.Y. (1999).between 20 and 2.2 A˚. There are two cis-prolines, Pro53 and Pro88.
Dynamic and quantitative Ca2measurements using improvedSee Table 1 for summary of refinement statistics and model quality.
cameleons. Proc. Natl. Acad. Sci. USA 96, 2135–2140.
The His146 Ser mutant was solved using the fully refined wild-
16. Wachter, R.M., King, B.A., Heim, R., Kallio, K., Tsien, R.Y., Boxer,
type structure as a starting model, with position 146 and the chromo-
S.G., and Remington, S.J. (1997). Crystal structure and photody-
phore deleted to reduce model bias. The refinement protocol was
namic behavior of the blue emission variant Y66H/Y145F of
identical to that adopted for the wild-type structure. Statistics relat- green fluorescent protein. Biochemistry 36, 9759–9765.
ing to the mutant model are summarized in Table 1. 17. Lukyanov, K.A., Fradkov, A.F., Gurskaya, N.G., Matz, M.V., La-
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